Figure 1. Block of Shaker Channels by Charybdotoxin Variants
Raw data records are displayed for Shaker-449T or Ϫ449F channels before and after exposure to CTX-29M or Ϫ29I. Voltage pulses to 40 mV were applied for 50 ms, and current responses are shown for control conditions (upper traces) and, after equilibration (1-15 min), in the presence of the indicated concentrations of toxin (lower traces). Toxin concentrations were chosen to give <70% block at equilibrium. Steady-state control currents ranged from 1 to 8 A.
CTX receptor site by the mutation F425G (Goldstein and mutations is 4.6 kcal/mol, or, in the notation of Hidalgo and MacKinnon (1995) , an interaction parameter, ⍀, of Miller, 1992) ; the channels are well behaved with regard to ␣-K-toxin binding, the energetics and kinetics of 2200. Recent applications of double-mutant cycle analysis which may be quantitatively determined from blocking of the currents in two-electrode voltage-clamp reto bimolecular protein interactions have emphasized that the observation of a large excess free energy does cording (MacKinnon and Miller, 1989; MacKinnon et al., 1990; Goldstein and Miller, 1993) .
not by itself establish a local interaction between the two mutated positions (Hidalgo and MacKinnon, 1995 ; Although CTX binding to K + channels is known to be very sensitive to the residue at position 29 (Goldstein Schreiber and Fersht, 1995) . Arguments for locality are strengthened by mutations showing that nearby posiet al., 1994; Stampe et al., 1994) , the conservative M→I mutation has a negligible effect on toxin binding affinity tions fail to produce large excess free energy. Figure  2B reports similar measurements at other pairs of posito wild-type Shaker (Figure 1 ). Typical voltage-clamp traces for the two Shaker variants before and after applitions on or near the toxin-channel interface. A guide to the physical locations of some of these residues is cation of the two toxin variants are also shown in Figure  1 ; similar dissociation constants for the two toxins were provided by Figure 2C . Shaker-449F produces significant but small (<1.5 kcal/mol) excess free energy values measured on wild-type Shaker-449T: 0.063 and 0.048 nM for CTX-29M and CTX-29I, respectively. The two when paired with toxin mutants at functionally important positions close to M29 on the interaction surface (S10, channel variants differ 10-fold in susceptibility to wildtype CTX-29M block (Figure 1 ), but this is a small differ-K27, R34), or at residues that are in positions approximately equivalent to M29 when viewed in 4-fold symmeence considering the nonconservative nature of the T→F mutation at Shaker-449.
try (R25, Y36); negligible excess free energy values are seen at closeby crucial residue N30 and at residues The strong interaction between Shaker-449 and CTX-29 reveals itself when the mutated channel, Shakerfarther away from M29 (Q18, S24, K31). The great difference between substitutions of isoleucine and leucine at 449F, is challenged with mutated toxin, CTX-29I ( Figure  1D ). Now the dissociation constant is 1100 nM, 17,000-CTX-29M further attests to the specificity of the interaction. Likewise, low excess free energies arise from CTXfold higher than with the wild-type forms of toxin and channel. Figure 2A reports the dissociation constants M29I tested against Shaker-D431Q and M448C, residues known to reside at the outer end of the pore and of the four toxin-channel combinations in the form of a double-mutant cycle (Hidalgo and MacKinnon, 1995) .
to contribute to the CTX receptor. The context dependence of the mutations becomes apparent in such a presentation. The M→I CTX mutation How Many Copies of Shaker-449F Are Required for Destabilization of CTX-29I? is 2,200-fold more destabilizing when tested on Shaker-449F than on 449T; equivalently in thermodynamic Because the K + channel studied here is a homotetramer, the T449F mutation is expressed four times in the functerms, the T→F Shaker mutation exhibits a 2,200-fold larger effect on CTX-29I than on 29M. Another way of tional channel. We would like to know whether the disruption of CTX-29I binding caused by this mutation restating the result is that the change in free energy of toxin binding associated with the double mutation differs from quires that all four channel subunits carry the mutation, or, at the other extreme, if only a single mutant subunit the sum of the free energies associated with the two single mutations. In the case here, this "excess" free produces an altered receptor. We therefore performed subunit-mixing experiments, in which cRNAs for the two energy of interaction produced by the CTX and Shaker channel types were coinjected into oocytes at varying was added, and the ensuing reduction of current was followed. The concentration of toxin was chosen to be ratios. In most of these experiments, the high affinity channel, 449T, also carried the N-type inactivation donear the geometric mean of the high and low affinity dissociation constants of the tetrameric channels, i.e., main (Hoshi et al., 1990) , whereas this was deleted in the 449F variant. With this functional tag, the inactivating ‫-002ف‬fold higher than the K D for Shaker-449T and ‫-001ف‬ fold lower than that for 449F. Thus, the preponderant K + current reflects the fraction of channels that contain at least one 449T subunit (MacKinnon et al., 1993 ; Lü background of homotetrameric 449F channels is almost completely resistant to this concentration of toxin, and Miller, 1995) .
A crucial parameter in these mixing experiments is f T , whereas any channels with all-449T affinity are almost completely blocked. The inhibition time course (Figure the fraction of 449T subunits expressed in the oocyte membrane; we measured this value from the cRNA ratio, 4B) of peak and steady-state currents for the mixed channels supports this picture. The inactivating compocorrected for the difference in expression efficiency for the cRNA preparation (see Experimental Procedures). nent of current is eliminated by toxin, whereas the steady-state current is reduced less than 10%. This The calibration curve of Figure 3 confirms that this simple method validly estimates fT; as the fraction of 449T slight reduction in steady-state current does not reflect weak block of the homotetrameric-449T population of subunits, and hence inactivation domains per channel, is increased, the inactivation time constant drops as channels, but rather is due to the residual steady-state current carried by the inactivating channel population; expected quantitatively ( Figure 3B , solid curve). Figure 4A illustrates records of CTX-29I block of this assertion is validated by the insensitivity of homotetrameric-449F channels in a control experiment at an Shaker channels in which a small amount (10%) of high affinity inactivating Shaker-449T subunit is expressed identical toxin concentration ( Figures 4C and 4D ). Under conditions used above, with a small fraction of with an excess of low affinity inactivation-removed 449F subunit. About 30% of the current inactivates, as exShaker-449T in the mixture, nearly all the inactivating current should, if the subunits mix randomly, represent pected for random mixing in a tetramer (MacKinnon et al., 1993) . After several control traces, 10 nM CTX-29I heteromeric channels carrying only a single high affinity except those close to 0 or unity. Nevertheless, the situation may be tractable, since destabilizing mutations at interaction-surface residues almost always lead to increased toxin dissociation rates Miller, 1992a 1992b; Stampe et al., 1994; Goldstein et al., 1994) , which can be distinguished in toxin wash-off experiments. We therefore expressed in different ratios inactivating Shaker-449T with inactivation-deleted 449F subunits and analyzed the time courses of toxin dissociation following a pulse of 10 nM CTX-29I ( Figure 5 ). In general, two clear components of dissociation kinetics were seen in mixed-subunit channels, with time constants ‫03ف‬ s and ‫006ف‬ s. The slow time constant is identical to that seen with homotetrameric 449T channels (see Figure  4F ), and the fast time constant identifies channels carrying a single 449T subunit, as seen above. As summarized in Figure 6A , at low fractions of 449T subunit, the fast component dominates the wash-off kinetics, and its amplitude increases up to f T ≈ 0.3; thereafter, the fast-fraction amplitude declines as the slow fraction becomes increasingly prominent. At values of f T > ‫,7.0ف‬ the fast fraction becomes undetectable. The slow component becomes observable at f T > 0.1 and approaches unity at f T > 0.7. Of course, as f T increases, the amplitude of the toxin-insensitive component, which represents the homomeric-449F channels, decreases monotonically (data not shown). The values of the fast and slow time constants remain unchanged over the entire range of mixing fractions ( Figure 6B ). Toxin Affinity of Channels Containing a Single subunit. This expectation is confirmed (see Figure 3B) 449T Subunit by the inactivation time constant ( ≈ 6 ms), 3-fold slower
We have seen that at low values of f T virtually all the than seen in homotetrameric channels, as expected CTX-29I-sensitive current corresponds to channels conquantitatively (MacKinnon et al., 1993) . Accordingly, we taining a single 449T subunit and three 449F subunits. conclude that a single 449T subunit is enough to confer Such low mixing ratios offer an opportunity to directly high affinity block by CTX-29I in a 449F background.
characterize toxin interaction with a homogenous heterThe 449F mutation is thus "recessive": all four subunits omeric channel population. The CTX-29I dose-response must carry it for the channel to exhibit the very low toxin relation at equilibrium for this fast-dissociating populaaffinity of the homotetrameric-449F channels (see Figure  tion of channels is shown in Figure 7 . As suggested by 2). However, the dissociation time course demonstrates the increased dissociation rate, toxin binding to these that these single-449T channels differ quantitatively single-449T channels is about 20-fold weaker than to from homotetrameric 449T channels; toxin dissociation homotetrameric 449T, with a dissociation constant of from these mixed channels is ‫-02ف‬fold faster than it is 1.3 Ϯ 0.3 nM. Thus, at the 10 nM toxin concentration from homotetrameric 449T channels (compare Figures used in the kinetic experiments, the single-449T chan-4B and 4F). This result hints that the various combinatonels were being blocked ‫.%09ف‬ rial forms of mixed channels may have different affinities to toxin, and it suggests that dissociation kinetics offers an approach to dissect experimentally the mixture of Discussion channel types present.
The identification of a pair of residues interacting at the contact surface between CTX and the Shaker K + channel Toxin Dissociation Kinetics from Heterotetrameric Channels adds another element to the steadily developing structural picture of the channel's external vestibule (Miller, If subunits mix randomly, a combinatorial nightmare of channel forms will be produced at all mixing fractions 1995). With wild-type residues in place (CTX-29M, Shaker-449T), the toxin binds well to its receptor; bindThe combinatorial mixing experiments add further insight into the configuration of CTX-29I on its receptor. ing affinity is not much affected by mutating either the These are potentially difficult experiments to interpret, toxin or channel alone at residues known to contribute since in general there are six distinguishable channel to the interaction surface (CTX-29I, Shaker-449F). Howforms expressed in a subunit mixture. ever, when both mutants are made together, a strongly
The two homotetrameric forms, denoted F 4 and T 4 , unfavorable free energy is produced, possibly because may be characterized separately. In principle, the two of steric hindrance arising in the unknown high resoluforms F3T1 and F1T3 can each present four nonequivalent tion details of the interaction surface. The specificity binding configurations to the asymmetric toxin. Finally, (and hence locality) of this interaction is indicated by there are two types of F 2 T 2 forms, with like subunits the low excess energies produced with other residue adjacent or diagonal. If the subunits mix independently, pairs. The excess free energy observed, 4.6 kcal/mol, the distribution of forms containing i 449-T subunits, i , is the largest pairwise interaction energy yet observed will follow a binomial law: in the channel-toxin complex, far larger than the weak steric (1 kcal/mol) and weak electrostatic (0.5 kcal/mol) 0 = (1 Ϫ fT) 4 F4 (1a) interactions between the pairs CTX-8/Shaker-425 (Goldstein et al., 1994) (1 Ϫ f T ) F 1 T 3 (1e) CTX isoform, ␣-KTx3.2, and Shaker-431 (Hidalgo and MacKinnon, 1995) . In the barnase-barstar system, the 4 = f T 4 T 4 (1f) only protein-protein interface of known structure for which extensive double-mutant cycle analysis has been CTX-29I binds to homomeric 449-F channels over four performed (Schreiber and Fersht, 1995) , excess free enorders of magnitude less strongly than to 449-T chanergies of this magnitude are seen only for closely apnels. Heteromeric F3T1 channels are strongly blocked by posed (3-4.5 Å ) residue pairs. Our present experiments the toxin, with affinity within 20-fold of T4 channels; in thus argue that, in the toxin-blocked channel, CTX-29 other words, about 4 kcal/mol of unfavorable interaction and Shaker-449 reside within a few angstroms of each is removed by introducing only a single T into the F4 channel. This kind of recessive destabilization of toxin other. Heteromeric Shaker channels were expressed at fT = 0.1 and were exposed to various concentrations of CTX-29I. Inset: data trace showing response to 1 nM toxin (thick bar) followed by washout, to illustrate the rapidly dissociating fraction of current, i fast , and the total current, i o . Timescale bar in the inset represents 350 s. Rapidly dissociating toxin-sensitive component of the current was fit by a rectangular hyperbola (solid curve), with K D = 1.3 nM. Points report means Ϯ SEM of 3-5 independent determinations. which steadily grows in amplitude as fT increases, ap- though counterintuitive, it may be the case that one of the F2T2 forms is toxin insensitive; alternatively, it is possible that subunits do not mix with perfectly binomial block has also been seen at Shaker-431, which makes independence across the full range of subunit compoa strong salt bridge with an arginine residue on the sition.
␣-KTx3.2 interaction surface (Hidalgo and MacKinnon,
A further problem in detail arises from the association 1995). Likewise, it is clear that the high affinity of T 4 rate of CTX-29I with the F 3 T 1 channel, which binds toxin channels is not compromised by including a single F in with an affinity 20-fold lower than the T 4 channel. Since an F 1 T 3 heterotetramer. The high affinity of block and virtually all of this destabilization is manifested in a corthe single-exponential low dissociation rate of toxin from respondingly higher off-rate, the toxin association rates mixed-subunit channels at values of f T > 0.7 support this for F 3 T 1 and T 4 are nearly identical. But this is surprising conclusion. Thus, four of the six combinatorial channel since we expected the toxin to bind to the F 3 T 1 channel forms can be unambiguously identified via toxin affinity in only one orientation, while four such opportunities and kinetics, at extreme values of fT.
would be offered by the symmetric T 4 channel. Thus, However, the two F 2 T 2 channels cannot be so easily the association rate for F 3T1 should be 4-fold lower than dissected in the subunit mixture. We are tempted, for that for T4, contrary to fact. A possible way out of this two reasons, to conjecture that they are also high affinity difficulty would be to propose that the F3T1 toxin receptor forms. First, since channels bearing one, three, or four is flexible enough to accommodate the toxin in any of the T subunits show high affinity to toxin, it would be puzfour orientations, i.e., that the single T provides enough zling if the F2T2 channels displayed low affinity. Second, room for reorientation of the three phenylalanines to we observe only two kinetic fractions in the dissociation avoid the unfavorable isoleucine contact. time course (Figure 6) ; the fast-dissociating fraction folNevertheless, our main conclusions stand untainted lows the behavior expected of F3T1 across the whole by the above uncertainties regarding the F 2 T 2 channels and anomalously high association rates. In the toxinrange of subunit mixtures; and so the slow fraction, KCl, 0.3 mM CaCl2, 1 mM MgCl2, 10 mM HEPES (pH 7.6), and bovine channel complex, CTX-29 is positioned close to Shakerserum albumin 25 g/ml. Current and voltage electrode pipettes 449 about 5 Å from the symmetry axis. The interaction (0.2-0.5 M⍀) were filled with a solution of 3 M KCl, 5 mM EGTA, between CTX-29I and Shaker-449F is highly unfavorand 10 mM HEPES (pH 7.0). During the experiment, the oocytes able, but most of this interaction may be avoided by were maintained at a holding potential of Ϫ90 mV, and 50 ms test introducing a single 449T subunit into the channel. In pulses to +40 mV were applied every 3-8 s. After a series of control pulses, toxin was applied by superfusion, and then later withdrawn this case, a small remnant of unfavorable interaction for measurement of wash-out kinetics; solution changes were compersists; this is naturally explained by the geometry inplete in 5 s, as checked routinely by challenging the oocytes with volved, since in F 3 T 1 channels at least one destabilizing tetraethylammonium at a concentration needed to block 50% of the 449F residue would be positioned quite close-7Å at current. Only those experiments in which the current recovered to most-to CTX-29I. The participation of Shaker-449 as within 5% of the control were analyzed. Dissociation constants and a CTX interaction partner also makes it clear why CTX toxin association and dissociation rate constants were measured from channel-blocking records as described in detail (Goldstein and and tetraethylammonium compete for block of K + chan- Miller, 1993; Goldstein et al., 1994) . For analyzing the time course nels (Miller, 1988; Goldstein and Miller, 1993) . Each of of toxin dissociation, single and double-exponential functions were these blockers uses Shaker-449 as a crucial determinant fit to the recovery of the current after toxin withdrawal, using a of its binding, and so the two ligands, occupying the nonlinear least-squares routine provided in Origin 3.5 (Microcal Softsame physical location on the channel, are by necessity ware, Inc.).
mutually exclusive.
The excess free energy of interaction, ⌬⌬G, is given in terms of the standard-state free energies of toxin-channel association, ⌬G blocking studies (Heginbotham and MacKinnon, 1992) that Shaker-449 lies at the channel's outer mouth about
( 2) 5 Å from the central axis, and CTX-29M is known to be
Estimation of Expressed Subunit Composition
positioned about this same distance from CTX-27K on For experiments in which Shaker-449T and Ϫ449F were coexthe toxin's molecular surface. Since K27 is thought to pressed in oocytes, it was necessary to estimate the relative expresproject into the pore when toxin is bound, it is an obvious sion of each subunit. We calibrated each cRNA preparation sepaguess that M29 should be located close to Shaker-449. inconsistencies, so it is heartening that its a priori predicas fT increases, i.e., as the number of inactivation domains per chantion for this pair of residues is verified. In particular, the nel increases (MacKinnon et al., 1993; Gomez-Lagunas and Armstrong, 1995) . In such a mixture of channels, the time course of pairing of CTX-29 and Shaker-449 further supports the inactivation follows a multiexponential relaxation, r(t), given by the proposal (Park and Miller, 1992a) that CTX-K27 is lo- scorpion toxins as a molecular yardstick for K + channels.
Experimental Procedures (We neglect here the small residue of current due to incomplete inactivation.) The individual time constants are given in terms of the Biochemical Methods rate constants of inactivation, ␣, and of recovery from inactiva-CTX variants were produced in E. coli as cleavable fusion proteins, tion, ␤: purified, and folded to the native state as previously described . Shaker B K + channels (Schwarz et al., 1988) carrying i = 1/(i␣ + ␤).
(4) the mutation F425G, which reveals a high affinity CTX receptor, were used as background in all experiments (Goldstein and Miller, A useful measure of the overall rate of inactivation for such a mixture 1993); in some cases, the N-type inactivation domain was deleted, is the "ensemble time constant," or mean active time <>, which ⌬(6-46), to produce noninactivating channels (Hoshi et al., 1990) . may be defined as: All Shaker channels were manipulated in a Bluescript KS(+) plasmid vector. Point mutants were made by polymerase chain reaction
wii.
(5) mutagenesis, and cRNA was produced after linearization with HindIII, as described (Goldstein et al., 1994) . If subunits mix randomly, then the weights, wi, will depend upon fT according to a binomial distribution (see equation 1):
Oocytes from Xenopus laevis were injected with 0.05-5 ng of total cRNA coding for Shaker-449T and Ϫ449F in known ratios. K + currents were examined by two-electrode voltage-clamp recording at
In practice, we measure the ensemble time constant not by integration of the record (see equation 5), but by fitting a single exponential 21ЊC-23ЊC. Extracellular solution consisted of 96 mM NaCl, 2 mM to the relaxation; although this procedure is not mathematically Wagner, G. (1995) . Solution structure of the potassium channel inhibitor, agitoxin 2: caliper for probing channel geometry. Prot. Sci. rigorous, it can be shown by simulation of multiexponential relaxations with closely spaced time constants that it approximates the 4, 1478-1489. ensemble time constant well. In fact, this approximation is better Lü , Q., and Miller, C. (1995) . Silver as a probe of pore-forming resithan that given by direct integration of the record with an early time dues in a potassium channel. Science 268, 304-307. cutoff necessary for blanking out the capactitative transient and MacKinnon, R. (1995) . Pore loops: an emerging theme in ion channel activation gating.
structure. Neuron 14, 889-892.
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